Chemically structured surfaces are discussed which consist of patterns of lyophilic and lyophobic surface domains. Wetting layers on top of these surfaces attain a variety of morphologies and undergo morphological wetting transitions. One convenient way to explore these transitions experimentally is by changing the total volume of the wetting layer. ᮊ
Introduction
A liquid droplet placed on top of an unstructured surface with a flat topography and a laterally uniform composition is characterized by a well-defined contact angle. If the liquid wets the surface, this contact angle is small and may even vanish, corresponding to partial and complete wetting, respectively. It was realized approximately two decades ago, that one may have a w x transition from partial to complete wetting 1,2 as one varies a certain control parameter such as the w x composition of the liquid 3 . Now, consider a chemically structured surface consisting of lyophilic and lyophobic surface domains as schematically shown in Fig. 1 . The lyophilic and lyophobic domains are characterized by small and large contact angle, respectively. It was recently shown w ⅷⅷ ⅷⅷ x 4 ,5 that such a surface leads to morphological wetting transitions at which the shape of the wetting layer changes in a characteristic and typically abrupt manner.
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A wide range of surface domain sizes
During the last decade, experimentalists have developed many methods by which one can prepare chemically structured surfaces with surface patterns as shown in Fig. 1 . Here and below, the lyophilic and lyophobic domains are denoted by ␥ and ␦, respectively. The basic length scale of these surface domain patterns is provided by the linear size L of the ␥ lyophilic ␥ domains which can vary from the millimeter regime all the way down to the nanometer regime.
In the millimeter range, one may use screen printing technology in order to print hydrophobic coatings w ⅷ x on glass surfaces 6 or printed circuit board technology in order to create lyophilic domains for molten w ⅷ x tin-lead alloys as applied in soldering processes 7 .
Several methods have been used to create structured surfaces with surface domains in the microme-Ž . ter range: i elastomer stamps by which one can create patterns of hydrophobic alkanethiol on metal w ⅷ x Ž . surfaces 8᎐11 ; ii vapor deposition through grids w x Ž . which cover part of the surface 12 ; iii photolithography of amphiphilic monolayers which contain phow ⅷⅷ x Ž . tosensitive molecular groups 13 ; iv domain formation in Langmuir᎐Blodgett monolayers transferred 1359-0294r01r$ -see front matter ᮊ 2001 Elsevier Science Ltd. All rights reserved.
Ž . PII: S 1 3 5 9 -0 2 9 4 0 0 0 0 0 8 6 -8 Furthermore, new experimental methods are being developed in order to construct patterns with even smaller domain sizes in the nanometer range. These methods include lithography with colloid monolayers w x w x 18 , atomic beams modulated by light masks 19 , w x microphase separation in diblock copolymer films 20 , or local oxidation of silicon surfaces induced by atomic w ⅷ x force microscopy 21 .
Wetting of structured surfaces
Now, consider such a surface with a pattern of surface domains in contact with the bulk phase ␣ , and let us place a certain amount of ␤ phase on top of this surface. In general, the ␣ and the ␤ phase may represent any type of material and, thus, can be fluid or solid. In order to be specific, we will focus on the situation in which the ␤ phase is a liquid and the ␣ phase is a vapor or another liquid.
After the ␤ phase has been deposited on the structured surface, it will form a wetting layer which tries to maximize its contact area with the lyophilic ␥ domains, and, at the same time, tries to minimize the total area of the ␣␤ interface. Depending on the shape and the pattern of these surface domains, the ␤ phase may form a variety of different wetting morphologies and may undergo transitions between these morphologies. One convenient control parameter by which one can explore these transitions experimentally is the total volume V of the wetting layer. From ␤ a theoretical point of view, this corresponds to the canonical ensemble.
Volume as control parameter
The volume V of the ␤ phase can be varied ␤ systematically in several types of experiments:
1. The ␤ phase is a non-volatile liquid and the exchange of molecules between the ␣ and the ␤ phase can be ignored on the relevant time scales. In this case, the volume of the ␤ phase is fixed and does not change during the wetting process. If one droplet of ␤ phase is placed on a single lyophilic ␥ domain, it will try to spread over the whole domain. The final state will usually correspond to a state of minimal free energy. The situation is somewhat more complex if the initial ␤ drop is large and covers se¨eral disconnected ␥ domains. In such a situation, the state of minimal free energy may correspond to an ensemble of several ␤ droplets, but the ␤ phase may not be able to attain this state since it involves a change in its topology. In other words, the rupture of the initial ␤ drop into several ␤ droplets may represent a relatively large activation barrier which prevents the ␤ phase from attaining its state of minimal free energy. In such a situation, the wetting layer morphology represents a state which is only locally stable or metastable. 2. The ␤ phase is a volatile liquid which condenses from a supersaturated vapor or liquid mixture ␣ onto the ␥ domains. Indeed, the activation barriers for surface nucleation at the ␥ domains vanish for small contact angle s and, thus, can be ␥ much smaller than the activation barriers for homogeneous nucleation in the bulk ␣ phase. The ␤ phase will then start to condense on the ␥ domains even though the bulk ␣ phase does not decay and remains in its metastable state. In this case, the total amount of ␤ phase increases with time, but if this growth process is slow, the resulting time evolution of the droplet morphology will correspond to a sequence of equilibrium states with a certain volume of condensed ␤ phase. 3. The ␤ phase is a volatile liquid in thermal and chemical equilibrium with the ␣ phase. In this case, the total amount of ␤ phase is determined by the total volume of the system, by the total number of particles, and by the particle number densities of the ␣ and ␤ phases according to the usual lever rules.
Reference¨olume defined by surface domains
It turns out that any pattern of lyophilic ␥ domains can be characterized by a certain reference¨olume V ␥ which is defined as follows. First, let us focus on the position of the ␥␦ domain boundaries between the lyophilic ␥ and the lyophobic ␦ domains. For the three patterns displayed in Fig. 1a᎐c , these domain ) boundaries are circles, parallel lines, and concentric circles, respectively. These boundaries may be diffuse on the molecular scale, and one then has to use an appropriate convention in order to define the position of these domain boundaries in terms of the composition profile along the structured surface.
The shape of any wetting layer placed on this structured surface is characterized by constant mean curvature M as follows from the well-known Laplace equation. Now, consider all wetting layers for which the contact line is pinned to the ␥␦ domain boundaries. The shapes of these different wetting layers will, in general, be characterized by different mean curvatures. However, differential geometry provides w x some general theorems 22᎐26 which imply that, for any prescribed position of the contact line, there exists a shape of maximal mean curvature Ms M . It is instructive to discuss some examples. Thus, let us again consider the surface patterns shown in Fig. 1 . For the circular ␥ domains shown in Fig. 1a , the maximal mean curvature shapes consist of half spheres which have the same diameter L as the circular ␥ domains. Thus, the reference volume V is equal to
domains. For the long ␥ stripes shown in Fig. 1b , the maximal mean curvature shapes are half cylinders the diameter of which is equal to the width L of the ␥ stripes. Finally, for the annulus domain in Fig. 1c , the maximal mean curvature shape is a nodoid as calcuw ⅷ x lated in 7 .
Small¨olume limit
Next, consider the situation in which the volume V ␤ is very small compared to the reference volume V .
␥
The ␤ phase will then start to form a submonolayer, a monolayer or a few layers on the ␥ domains. The thickness of this ultrathin layer is determined by the force potentials between the molecules in the ␤ phase and the structured substrate. After this thin film has been formed, additional deposition of ␤ phase will lead to small droplets on the ␥ domains with contact angle s . These droplets will grow until their ␥ contact lines reach the ␥␦ domain boundaries and the wetting layer covers all lyophilic ␥ domains completely.
Thus, in the regime with
can accommodate a certain amount of ␤ phase with a Ž contact angle which is of the order of s if the ␥ ␥␦ domain boundary is not circular, the contact angle . is not constant along this domain boundary . In this way, the ␤ phase can maximize its contact with the ␥ domains without a disproportionate increase in the area of the ␣␤ interface. Thus, for small V , the ␤ ␤ phase will form small 'pancakes' on all ␥ domains.
Large¨olume limit
Now, consider the opposite limit of large V 4 V .
␤ ␥
Since the total area of the ␣␤ interface must grow at least as ; V 2r3 for large V , the ␤ phase will now ␤ ␤ prefer to form one large drop in order to minimize this interfacial area. If the lyophobic part of the structured surface is only weakly lyophobic, i.e. if the contact angle is not too large, the drop will typi-␦ cally cover many surface domains and its contact line will move across both ␥ and ␦ domains.
In such a situation, the contact line will exhibit undulations with a wavelength which is comparable to the size L of the surface domains. These undulations In the limiting case, in which the contact angle s on the lyophobic ␦ domains, the large drop ␦ will adapt its contact area to the largest ␥ domain. Since this drop is large, its ␣␤ interface has a small mean curvature which implies that all the other ␥ domains are covered by very thin layers of ␤ phase. This situation can be explicitly calculated for the simple surface domain patterns shown in Fig. 1 . Thus, the wetting layer exhibits two rather different morphologies in the two limits V 4 V and V < V . 
Morphological wetting transitions
The three surface domain patterns shown in Fig. 1 lead to morphological wetting transitions which have been studied in some detail as will be described now.
Circular surface domains
First, consider a pattern consisting of N circular ␥ domains as shown in Fig. 1a . All domains are taken to have the same diameter L . It is convenient to discuss For larger and larger volumes, the large drop becomes fatter and fatter and the small droplets become thinner and thinner.
Striped surface domains
Next, consider the striped surface shown in Fig. 1b for which the corresponding wetting morphologies have been determined both theoretically and experiw ⅷⅷ x mentally 5 . In the experiments, the ␤ phase was water and the striped hydrophilic domains were created by thermal vapor deposition of MgF onto a 2 hydrophobic silicone rubber or thiolated gold substrate through appropriate masks. The resulting hydrophilic MgF stripes have a width of 30 m and a 2 contact angle s of approximately 5Њ for water.
␥
Both the silicone rubber and the thiolated gold had a contact angle s of approximately 108Њ. The pro-␦ jected shape of the channel was studied by optical microscopy, the shape of the contact line by surface plasmon spectroscopy.
When a small amount of water is placed on these stripes, they form homogeneous channels with a uniform cross-section, see Fig. 2a ; when the volume V ␤ exceeds a certain critical value, each of these homogeneous channels undergoes a transition to a new channel state with a single bulge, see Fig. 2b . These different states have also been calculated by minimization of the interfacial free energies of the water channel. The only parameters which enter the calculation are the two contact angles s and ␥ s of the hydrophilic and hydrophobic domains, ␦ the geometry of the surface domains, and the total volume V of water condensed onto these domains. ␤ Thus, the theory does not contain any fitting parameter. As shown in Fig. 3 , the theoretical shapes agree rather well with the experimental observations.
Ring-shaped surface domains
Morphological transitions from a channel with uniform cross-section to a channel with a single bulge also occur for ring-shaped surface domains consisting of an annulus with a roughly uniform width as shown w ⅷ x in Fig. 1c 7 . In this latter case, the appearance of the bulge breaks the rotational symmetry of the ring channel which implies that the position of the bulge is degenerate. Therefore, angular displacements of this Ž . bulge do not cost any free energy, and the corresponding interface deformation represents a soft mode which should be observable for domains in the micrometer regime if the ␤ phase is a liquid.
Bridges across structured slit pores or slabs
Another geometry which can be realized experimentally is slit pores and slabs bounded by structured w ⅷ ⅷ x surfaces 6 ,21 . The first theoretical studies which were performed in the grand-canonical ensemble addressed sinusoidally structured substrates which were w x investigated by Monte-Carlo simulations 30 and by w ⅷ x variational methods 31 . These systems also exhibit morphological wetting transitions as first pointed out w ⅷ x in 32 .
The simplest pattern of surface domains consists of a single pair of opposing lyophilic stripes, see is sufficiently small, see Fig. 4a ,b. For larger values of L , this bridge will break and form two separate H channels as in Fig. 4c . This rupture of the bridge provides another example for a morphological wetting transition. In the case of many stripes on the two opposing surfaces of the slab, one has a whole sequence of morphological transitions at which more and more bridges break as one increases the surface w ⅷ x separation L 32 .
H
If the striped surface domains are relatively long, one may ignore effects arising from their ends. In such a situation, the wetting morphologies are translationally invariant parallel to the stripes and are completely determined by their cross-section as shown in Fig. 4 . However, if one takes the finite length of the surface stripes into account, one often finds bridges which are localized in space and, thus, are far from any translationally invariant state; one example is Ž shown in Fig. 5 A. Valencia, M. Brinkmann and R. Lipowsky, Localized liquid bridges in chemically . structured slit pores, in preparation .
Canonical¨s. grand-canonical ensemble
As emphasized, the wetting morphologies discussed above correspond to a canonical ensemble in which the volume of the ␤ phase represents the basic control parameter. In this ensemble, the pressure difference ⌬ Ps P y P which is conjugate to the volume ␣ ␤ V is related to the mean curvature M via the Laplace
interfacial tension of the ␣␤ interface. This implies that ⌬ P-0 or P ) P for M) 0 as appropriate for ␤ ␣ the droplets and channels on a single structured surface. For structured slabs, the 'out' and 'in' bridges have M) 0 and M-0 corresponding to ⌬ P-0 and ⌬ P) 0, respectively. In the grand-canonical ensemble, however, the pressure difference ⌬ P is related to the chemical potentials of the particles which can be exchanged with an external reservoir. In this latter case, one must have ⌬ PG 0 for a stable equilibrium state. Thus, apart from the 'in' bridges, the morphologies and morphological transitions discussed above are not accessible within the grand-canonical ensemble.
However, the wetting of structured surfaces can also lead to interfacial phase transitions within the grand-canonical ensemble. One example is provided by a structured surface with a single lyophobic stripe w ⅷ x domain 33 ,34 . It was found that, depending on the chemical potential and on the stripe width, one can have two different types of adsorption layer for which the layer thickness above the lyophobic stripe is decreased and increased, respectively. Another example is provided by a slab with striped surfaces as studied w ⅷ x theoretically in 30,31 ,35 within the grand-canonical ensemble. In this case, the presence of the 'in' bridges shifts the phase transition lines for capillary condensation. The latter studies were restricted to bridge states which were translationally invariant parallel to the stripes. It remains to be seen how these transitions are affected by localized bridge states as shown in Fig. 5 . The grand-canonical ensemble has also been used in order to derive general sum rules for adsorpw ⅷ x tion layers on chemically structured surfaces 36 ; one of these sum rules can be related to the Cassie w x equation 37 .
Line tension effects
The morphological wetting transitions, which have been discussed in the previous section, depend only on the free energy contributions arising from the interfaces of the wetting layer. As one studies smaller and smaller systems, the wetting morphologies will also be affected by the free energy or tension of the contact line. The latter quantity, which can be positive w x or negative 38 , was already introduced by Gibbs but its sign and its magnitude is still a matter of intense debate.
Magnitude of line tension
The numerical values for the contact line tension ⌳, which have been deduced experimentally, vary The line tension has also been estimated for a lens floating on the vapor᎐liquid interface of a Lennard᎐Jones fluid using molecular dynamics simuw ⅷ x lations 43 . The line tension value extracted from these simulations is ⌳ (y10 y12 Jrm which is somewhat smaller than the theoretical estimates obtained w x in 38 using local density functionals.
Surface domains in the nanoregime
It is intuitively clear that the effects of line tension can be ignored for sufficiently large wetting layers. In fact, dimensional analysis implies that the line tension is irrelevant as long as the linear dimensions of the wetting layer are large compared with the characterisw ⅷ x tic length scale 27
where ⌺ denotes the tension of the ␣␤ interface.
␣␤
The latter tension can be measured by a variety of experimental methods; for water at room temperature, one finds ⌺ ( 72 mJrm 2 . Exceptionally small 
Ž .
as given by Eq. 1 is ( 30 nm, and contributions from the contact line play no role for wetting layers with linear dimensions in the micrometer regime.
However, for surface domains which are comparable to or smaller than L U sN ⌳ Nr⌺ the line tension
is expected to change the morphologies discussed in Section 4. Thus, a contact line with a positive and negative line tension will try to decrease and increase its length, respectively. For a droplet which can be completely accommodated within a ␥ or a ␦ domain, one has the same situation as for a droplet on a homogeneous substrate for which these line tension w x effects were discussed in 44 . If the droplet is larger and interacts with the ␥␦ domain boundaries, a contact line with positive line tension may detach from this domain boundary and move across the ␥ or ␦ domain in order to shorten its length. Therefore, as one varies the size L of the surface domains from
logical transitions induced by the line tension. If the wetting structures become sufficiently small, one should also be able to observe thermally-activated transitions between the two states which coexist at a morphological wetting transition.
Position-dependent line tensions
For a contact line which makes excursions across both types of surface domains, the line tension is expected to be non-uniform and attain the values ⌳ ␥ and ⌳ / ⌳ on the ␥ and ␦ domains, respectively ␦ ␥ w ⅷ x 27 . In general, a heterogeneous substrate surface should lead to a position-dependent line tension ⌳ s Ž . ⌳ x where x denotes the surface coordinate. For a structured surface with arbitrary topography, the con-Ž . tact angle s x then satisfies the generalized
where the variable C is the curvature of the con-␣␤ tact line and n is the unit normal vector which is perpendicular both to the contact line and to the normal vector N of the ␣␤ interface at this line. The symbol ٌ is the two-dimensional gradient with rex spect to the coordinate x of the substrate surface. If the line tension can be ignored, the relation as Ž . given by Eq. 2 has the same functional form as the usual Young equation but with x-dependent interfaw ⅷⅷ x cial tensions ⌺ and ⌺ 4 . Special cases of the ␣ ␤ line tension terms have also been derived for planar w x and homogeneous surfaces 45 , for surface heterow x geneities which are axially symmetric 46 and for heterogeneities which are translationally invariant w x with respect to one surface coordinate 47 . The gen-Ž . eral form of the line tension term as given by Eq. 2 w ⅷⅷ x was first obtained in 29 . One interesting consequence of this general equation is that the contact line exhibits a kink at the ␥␦ domain boundaries if Ž . the line tension ⌳ s ⌳ x is piece-wise constant within w ⅷ x the ␥ and the ␦ domains 27 .
Summary and outlook
This review has focussed on morphological wetting transitions, a new concept which was introduced quite w The wettability contrast between the lyophilic and lyophobic surface domains can also be affected by the topography of these domains. Indeed, the contact angle of a lyophobic surface can be increased by decorating this surface with spikes or other topow ⅷⅷ x graphical microstructures 48 . The large contact angles found for some plant leafs also seem to arise from such topographical roughness of the leaf surw x faces 49 . Thus, it seems promising to study the effect of such surface topographies on the morphological wetting transitions discussed here. Likewise, one may consider chemically structured surfaces which are not rigid but can deform in response to the wetting layer. One example is a wetting layer on top of a multicomponent membrane which contains intramembrane domains.
Another area of interest is time-dependent relaxation phenomena. For example, consider again the surface domain pattern of N circular domains as shown in Fig. 1a . In the small volume limit, the equilibrium state of the wetting layer consists of N small droplets; in the large volume limit, it consists of N-1 small droplets and one large drop. Now, one may initially start with a non-equilibrium state such as a thin layer, which covers many lyophilic and lyophobic surface domains, and follow its time-dependent relaxation into one of the two equilibrium states. Related phenomena are the cooperative evaporation of reguw ⅷⅷ ⅷ x lar arrays of droplets 50 ,51 and the dewetting of thin films on chemically heterogeneous substrates w ⅷⅷ x 52 .
Finally, the morphological wetting transitions discussed here should be relevant for many applications w ⅷⅷ ⅷ ⅷ x such as microreactors 5 ,27 ,53 and microfluidics w ⅷⅷ ⅷⅷ ⅷ ⅷ x 15 ,54 ,55 ,56 . Ž Please note that the selection of references marked ⅷ ⅷ ⅷ . by or has been restricted to those published in 1998᎐2000.
